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BACKGROUND 

Technical Field 

[0001] Embodiments of the present invention generally relate to the delivery of power to 
computer processors. More particularly, embodiments relate to the protection of computer 
processors from voltage surges when the processor changes its current consumption from high 
current to low current. 

Discussion 

[0002] Mobile computing platforms such as laptop computers, or "notebook" computers, have 
become an integral part of modem society, and continue to grow in popularity. While the trend 
toward longer battery life, smaller platform size, and enhanced functionahty is desirable to the 
consumer, it presents significant challenges to computer designers as well as manufactxirers. A 
particular area of concem relates to the delivery of power to the central processing unit (CPU) of 
a mobile computing platform. 

[0003] The battery life of a notebook computer is quantified as the ratio between the battery 
capacity and the average platform power consumption. Thus, reducing average platform power 
consumption increases the battery life and enhances the overall marketability of the mobile 
computing platform. As a result, an increasing amount of attention has been directed to 
developing techniques for reducing power consumption. It has been determined that portions of 
a typical CPU can be inactive for a relatively large percentage of the time, where applying the 
clock to these portions requires additional power. Typical approaches to reducing power 
consumption have therefore involved placing the CPU in a low-power state whenever practical 
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by gating off the clock to unused portions of the CPU. Indeed, many notebook computer CPUs 
are designed with aggressive clock-gating technology. 

[0004] When the unused portions of the CPU are gated off, the current demand by the CPU 
transitions from a relatively high value to a relatively low value, causing a condition commonly 
referred to as a high-to-low current consumption transient. Similarly, when the unused portions 
of the CPU are gated on, the current demand transitions from a relatively low value to a 
relatively high value, causing a condition commonly referred to as a low-to-high current 
consumption transient. The voltage that is supplied to the processor, however, should remain as 
constant as possible (staying within a tolerance window such as a ± 7.5% for example) in order 
for the CPU to be able to fiinction as designed. Unfortunately, the high-to-low current 
consumption transient tends to cause the processor voltage to surge and the low-to-high current 
consumption transient tends to cause the processor voltage to "droop". Furthermore, while the 
droop usually may result in CPU operation failure if the voltage drops below specified limit, the 
surge in processor voltage constitutes a reliabihty degradation risk to the CPU that may manifest 
itself in CPU failure only after some time of operation under repetitive surges. 
[0005] FIG. 1 shows one possible implementation of a conventional approach to a circuit 10 
that is used to regulate the voltage applied to a CPU 26 (i.e., Vcc), where the circuit 10 uses an 
hysteric type of switching regulator. Diuing constant current consumption conditions of CPU 
26, the voltage at output node 16 is compared to a reference voltage, which is set to the desired 
voltage level (e.g., IV) provided by a reference voltage component such as a Zener diode, 
bandgap reference, etc. When the voltage at output node 16 is lower than the reference voltage 
by -Vh, a comparator 18 generates a logic high signal, causing metal oxide semiconductor field 
effect transistor (MOSFET) driver 30 to turn on a switching transistor (Qsw) in the power output 
stage 14. When Qsw is on, current in the output inductor (L), ramps up. If the voltage at output 
16 is greater than the reference voltage by +Vh, comparator 18 outputs a logic low signal, 
causing MOSFET driver 30 to tum off Qsw and turn on a synchronization transistor (Qsync)- 
When QsYNc is on, the current through the output inductor ramps down toward zero amps from a 
peak value. It should be noted that CC 12 has been simplified for discussion purposes and that 
inductor current ramping is a well-known phenomena, described with the following equations. 
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v{t) = L 



diit) 



Equation 1. 



dt 



[0006] According to Equation 1 the inductor ramp up rate is: 



diit) 




CC 



Equation 2 



dt 



and the inductor ramp down rate is: 



di{t) 



cc 



Equation 3. 



dt 



Since the system voltage (e.g., Vcc) is typically on the order of 8.4-21 volts, and therefore much 
greater than the processor voltage, there is a much higher voltage across the output inductor 
during the ramp up mode than during the ramp down mode. As a resuU, the current ramp up rate 
through the inductor is substantially faster than that of the ramp down rate. Since the ramp down 
rate is relatively slow, the voltage surge at the output node 16 is typically greater than the voUage 
droop associated with the ramp up mode. The voltage surge can be estimated as follows: 



[0007] Due to the tight space limitations associated with mobile computing platforms, a 
possible output decoupling that will minimize the space of the decoupling solution can achieved 
by using multi-layer ceramic capacitors (MLCCs) 22 connected to the output node 16, where 
MLCCs 22 have a small form factor. Though in real application several MLCCs will be used to 
achieve the needed minimum total capacitance for simplicity Figure 1 shows only one capacitor. 
The MLCCs 22 have a relatively small equivalent series resistance (ESR), but unfortunately have 
a relatively low capacitance. It can be shown from Equation 4 that by using MLCCs 22 for 
output decoupling, Vesr can be quite negligible. Due to the low capacitance, however, the 
voltage surge for MLCCs 22 can be significantly larger because C appears in the denominator of 
Equation 4. FIG. 2 shows the estimated voltage surge for a conventional power output stage in 



ESR 



Equation 4. 
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plot 24, where a 200 nH output inductor is used. In the illustrated example, the voltage surge 
threshold (Vmax) is exceeded due to the relatively slow ramp down rate. 

[0008] One approach to reducing the voltage surge at the output node would be to reduce the 
inductance of the output inductor in order to increase the inductor ramp down current. There is a 
penalty to be paid, however, for such an approach. For example, as the inductance is reduced, 
there will be an increase in ripple current, which can cause an undesirably high output voltage 
ripple in addition to high magnetic loss in the inductor, which results in lower power-conversion 
efficiency. There is therefore a need to reduce the voltage surge associated with the current ramp 
down mode of a power output stage without negatively impacting output voltage ripple. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0009] The various advantages of the embodiments of the present invention will become 
apparent to one skilled in the art by reading the following specification and appended claims, and 
by referencing the following drawings, in which: 

[0010] FIG. 1 is a circuit schematic of an example of a circuit having a conventional power 
output stage; 

[0011] FIG. 2 is a plot of an example of a conventional voltage surge response curve; 

[0012] FIG. 3 is a block diagram of an example of a computer system having a circuit 

according to one embodiment of the invention; 

[0013] FIGS. 4A and 4B are schematic diagrams of examples of circuits having power output 
stages according to embodiments of the invention; 

[0014] FIG. 5 is a plot of an example of voltage surge response curve according to one 
embodiment of the invention; and 

[0015] FIG. 6 is a graph of an example of a comparison between conventional ramp down and 
ramp down according to one embodiment of the invention. 

DETAILED DESCRIPTION 
[0016] FIG. 3 shows a computer system 32 having a power supply 34 and a circuit 36 
containing a Controller Circuit 42 and Power Output Stage 38. The "CC" 42 can also be referred 
to as a switching voltage regulator. The computer system 32 can be part of a mobile computing 
platform such as a laptop computer. While the circuit 36 will be primarily described with regard 
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to mobile computing platfomis, embodiments of the invention are not so limited. Indeed, circuit 
36 can be used in any environment in which voltage surge is an issue of concern. 
Notwithstanding, there are a number of aspects of mobile computing platforms for which circuit 
36 is well suited. 

[0017] The power supply 34 provides an unregulated input voUage (Vdc) while the circuit 36 
converts the input voltage into a voltage level suitable for processor operation (Vcc)- Usually the 
power supply 34 contains a conventional (frequently rechargeable) battery pack made up of a 
series of battery cells such as lithium ion battery cells or any other type of DC voltage source. In 
a typical case, the battery cells combine to provide a system voltage on the order of 18 volts with 
respect to ground but may vary depending on batteries charge level or operation with AC/DC 
adapter between any voltage level usually within the 8V to 21V range. The power supply 34 
may also include an AC/DC adapter (not shown), which is capable of providing the system 
voltage while converting the regular 1 lOV or 220V, 50Hz or 60Hz AC voltage into a DC voltage 
within the range above of 8 V to 21V as a replacement to the battery cells. For the purposes of 
discussion, a range of 8-2 IV is used, although a larger (or smaller) range might be applicable as 
well. 

[0018] The computer system 32 uses an improved circuit 36 to protect CPU 40 from voltage 
surges when CPU 40 is in current ramp down mode . Specifically, circuit 36 has a power output 
stage 38 and a CC, or switching regulator, 42 coupled to the power output stage 38. The term 
"coupled" is used herein to include any type of cormection, direct or indirect, and includes but is 
not limited to connections that are electrical, optical, electromagnetic, mechanical, or any 
combination thereof The CPU 40 is coupled to the power output stage 38, where the power 
output stage 38 receives the system voltage and has an output node 46 (Vcc) that is the processor 
operating voltage. During normal operation, the CC 42 constantly monitors the voltage level at 
output node 46 (Vcc), repeatedly switching the power output stage 38 into a current ramp down 
or ramp up mode based on the voltage level at output node 46. 

[0019] In one embodiment, the CPU 40 has a surge notification output 56, which is coupled to 
a surge notification input 44 of the power output stage 38, where the power output stage 38 
accelerates a current ramp down rate. The current ramp down rate, which is associated with the 
current ramp down mode, is accelerated based on the notification signal from output 56 of the 
CPU 40. By accelerating the current ramp down rate in the presence of a switching CC 42, the 
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power output stage 38 is able to reduce the negative effects of voltage surge without negatively 
impacting output voltage ripple. Although the above description illustrates a single surge 
notification signal as an example that involves communication of only two binary states to the 
circuit 36, where the binary states indicate expected change in current consumption of the CPU 
40 from high current to low current and vice versa, other approaches can be used without parting 
from the spirit and scope of the embodiments of the invention. For example, the concept is also 
expandable to various grades of current consumption changes in the CPU either up or down by 
making the surge notification signal a binary encoded signal, which is coupled between the 
CPU 40 and the circuit 36 on a several lines as two or more signals. For an example, the surge 
notification signal could be represented by two lines as 00 for minimal current, 01 for low 
current, 10 for medium high current and 11 for highest current consumption. Using more than 
two lines is also possible, which would allow fiirther granularity in expected current 
consumption change to be communicated to the circuit 36. Furthermore the surge notification 
signal could be an analog signal voltage or current where the magnitude of the current or voltage 
signal would indicate the relative expected change in current consumption of the CPU 40. 
[0020] Turning now to FIG. 4A, one approach to a circuit 36 is shown in greater detail. Since 
the power conversion efficiency of a voltage is critical in maintaining a low total platform power 
consumption to extend the platform's battery life, the voltage regulator of controller circuit 12 is 
designed to maximize its power-conversion efficiency to minimize power loss. Notebook 
computers use switching voltage regulators instead of linear-mode voltage regulators due to the 
much higher power-conversion efficiency. Generally, circuit 36 includes a controller circuit 12, 
which has a voltage comparator 18 that contains some amount of hysteresis +/-Vh. The circuit to 
36 also includes a power output stage 38 having an output node 46. Qsw of the output stage 38, 
when in the on-state, is used to apply Vdc input power to the inductor L. This action causes the 
current in the inductor to ramp up, providing current to the CPU and the output capacitor 22. 
Once the output voltage Vcc is high enough (e.g., slightly higher than that of the bandgap 
reference 28), the voltage comparator 18 outputs a logically low condition. In response to the 
low condition, a Mosfet Driver 30 drives the gate of Qsw low, tuming it off After a small delay 
such as approximately 10-50 nanoseconds, which is enough time for Qsw to go from an on-state 
to an off-state, the Mosfet Driver 30 drives the gate of Qsync high, tuming it on. When Qsync is 
on, the inductor's current ramps down because its voltage is now reversed. As a result, the 
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charge on the output capacitor 22 is depleted/discharged by the CPU 40. After a certain amount 
of time, when the potential on the capacitor 22 is discharged lower than that of the bandgap 
reference 28, the voltage comparator 18 changes its polarity from a low to a high condition. In 
response to the high condition, the Mosfet Driver 30 turns off Qsync and sequentially turns on 
Qsw . This process repeats continuously at a certain frequency. This frequency is referred to as 
the operating frequency of the voltage regulator. Simply put, the CC 12 switches the power 
output stage 38 into a current ramp down mode based on detection of a voltage surge at the 
output node 46. Similarly, the CC 12 switches the power output stage 38 into a current ramp up 
mode based on detection of a voltage droop at the output node 46. 

[0021] For CPU consumption currents above about 15-20A, a multi-phase (two phase or more) 
implementation of the circuit is provided. In this regard, multi-phase switching regulators are 
well documented. Though the circuit in FIG. 4A illustrates a single phase implementation of 
circuit 36 for simplicity, the concept is general and is expandable to multi phase operation of 
circuit 36 by including the circuit 54 for each phase and augmenting the circuits with logic gating 
that allows operation only of the circuit for the active phase. Specifically, a power output stage 
38 has a transistor stack 48 containing transistors Qsw and Qsync coupled to the CC 12 and 
having a switching node 50. An output inductor 52 has a first terminal coupled to the switching 
node 50 of the transistor stack 48 and a second terminal coupled to the output node 46 through 
the series current sense resistor Rs connected between nodes 46a and 46. The Qsync, through 
output inductor 52, defines a ramp down current path when the power output stage 38 is in the 
current ramp down mode, and Qsw via output inductor 52 defines a ramp up current path when 
the power output stage 38 is in a current ramp up mode. The power output stage 38 also has a 
transient adjustment circuit 54 coupled to the output node 46a and a surge notification output 56 
of the CPU 40. The transient adjustment circuit 54 reduces an effective inductance of the ramp 
down current path by effectively connecting to Ov an Lsurge inductor 58 in parallel with the 
inductor 52 during ramp down operation in response to the surge notification signal from the 
CPU 40. 

[0022] Thus, the illustrated transient adjustment circuit 54 has a surge inductor 58 with a first 
terminal coupled to the output node 46a, a surge transistor 60 coupled to a second terminal of the 
surge inductor 58 and the surge notification output 56 through one shot timer (OST) circuit 64 
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and driver 62. The surge transistor 60 switches the surge inductor 58 into a parallel connection 
with the output inductor 52 in response to the notification signal. 

[0023] To avoid a potential Vdc to GND short issue that may occur if Qsurge is turned on 
while Qsw is also turned on, FIG. 4B illustrates a circuit 36' in which the OST 64 can receive the 
signal Qsw-ON from the Mosfet Driver 30 to ensure a break-before-make sequence. 
[0024] With continuing reference to FIGS. 4 A and 4B, it can be seen that by switching the 
surge inductor 58 into a parallel connection with the output inductor 52, the transient adjustment 
circuit 54 reduces the effective inductance of the ramp down current path of the power output 
stage 38'. The reduced effective inductance speeds up the rate at which the current supplied to 
the CPU 40 can decrease. As a result, the processor voltage is kept closer to its nominal value 
and the risk of damage to the CPU 40 is minimized. 

[0025] In order to provide drive strength, the surge notification output 56 of the CPU 40 is 
coupled to the surge transistor 60 through a buffer 62. In addition, the second terminal of the 
output inductor 52 is coupled to the output node 46 through a sensing resistor (Rs). The OST 64 
receives a level signal from the CPU 40 and converts the level signal into a pulse signal with 
controlled pulse width duration based on a ramp down current measurement obtained from the 
sensing resistor prior to surge notification signal activation. The OST 64 can be implemented by 
using digital or analog design techniques using conmiercially available hardware or through 
integrated circuit design techniques. 

[0026] Thus, the notification signal can be a pulse signal having a pulse width that corresponds 
to the amoxmt of current that was stored in the output inductor 52 prior to surge notification 
signal 46 activation. If the current through the sensing resistor was relatively high, the width of 
the pulse signal programmed by OST 64 will be wider and the surge transistor 60 will switch the 
surge inductor 58 into the parallel connection for a longer period of time. Conversely, if the 
current through the sensing resistor was relatively low prior to surge notification signal 
activation, the width of the pulse signal programmed by OST 64 will be narrower and the surge 
transistor 60 will switch the surge inductor 58 into the parallel connection with the output 
inductor 52 for a shorter period of time. It should be noted that although the OST 64 is shown as 
being a component of the power output stage 38, the OST 64 may alternatively be incorporated 
into the CPU 40, or into the CC 12 without parting from the spirit and scope of the embodiments 
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of the invention. Decoupling capacitor (C) 22 has a terminal coupled to the output node 46 and 
smoothes out the processor voltage according to conventional approaches. 
[0027] Though the examples illustrated in FIGS. 4A and 4B show the inductors 52 and 58 as 
separate inductors for the purpose of simplicity of explanation, other approaches are possible. 
For example, the surge inductor 58 may occupy additional real estate on a mother board in which 
real estate is a very scarce resource, particularly for notebook computers. Since the surge 
inductor 58 strives to reduce the effective inductance during the surge event, an alternative 
implementation would be to add a third terminal to output inductor 52 in between the terminals 
50 and 46a. In this case, surge transistor 60 would connect to the third terminal of output 
inductor 52 the same way as shown. 

[0028] Tuming now to FIG. 7, a method 72 of protecting a processor from voltage surges is 
shown. Processing block 74 provides for detecting a voltage surge at an output node of a power 
output stage. The power output stage is switched into a current ramp down mode at block 76 
based on the voltage surge, where the power output stage has an associated current ramp down 
rate. Block 78 provides for accelerating the current ramp down rate based on a surge notification 
signal from the processor. It can further be seen that a voltage droop at the output node is 
detected at block 80 and the power output stage is switched into a current ramp up mode at block 
82 based on the voltage droop. Thus, the current ramping rate is adjusted for the current ramp 
down mode and does not have to be adjusted for the current ramp up mode. This is due to the 
difference in transients for the two modes. Specifically, there is a much higher voltage across the 
output inductor during the current ramp up mode than in the current ramp down mode. As a 
result, the current ramp up rate is substantially faster than that of the current down rate. 
[0029] One approach to accelerating the current ramp down rate is shown in greater detail at 
block 78\ Specifically, 74 provides for receiving a level signal, and block 86 provides for 
converting the level signal into a pulse signal based on a ramp down current measurement, which 
can be taken via the sensing resistor, Rg (FIG. 4). The width of the pulse can be determined in 
other ways as well. A surge inductor is switched into a parallel connection with an output 
inductor of the power output stage at block 88 in order to reduce the effective inductance of the 
ramp down current path of the power output stage. This phenomenon is shown further in the plot 
92 of FIG. 6 in which a conventional current ramp down curve 94 is compared to an accelerated 
current ramp down curve 96. As can be seen in FIG. 6, the new inductor current ramp down rate 
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is much faster than that of the old inductor current plot. Due to the faster discharge rate, the 
output voltage surge is significantly reduced. As such, the output voltage stays within the 
allowable tolerance window or Vmax- 

[0030] FIG. 5 shows the estimated voltage surge for a power output stage having a transient 
adjustment circuit in plot 90. hi the illustrated example, the voltage surge threshold (Vmax) is not 
exceeded due to the increased current ramp down rate. 

[0031] Those skilled in the art can appreciate from the foregoing description that the broad 
techniques of the embodiments of the present invention can be implemented in a variety of 
forms. Therefore, while the embodiments of this invention have been described in connection 
with particular examples thereof, the true scope of the embodiments of the invention should not 
be so limited since other modifications will become apparent to the skilled practitioner upon a 
study of the drawings, specification, and following claims. 
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